Introduction
The rapid emergence of antibiotic-resistant bacterial pathogens is a serious problem, and extensive efforts have been focused on the development of new classes of antimicrobial agents 1 . One major class comprises amphipathic α-helical antimicrobial peptides identified in a variety of organisms, ranging from plants and insects to animals 2 . Antimicrobial peptides are often the first line of defense against invading pathogens and play an important role in innate immunity 3 . These cationic peptides exhibit antimicrobial activity against a broad range of Gram + , Gram -bacteria and fungi 4 . Many antimicrobial peptides appear to act via specific, but not receptor-mediated, permeabilization of microbial membranes. This confers considerable potential for their development as novel therapeutic agents to overcome the resistance problem 5 . Numerous studies have focused on discovering novel antimicrobial peptides, elucidating their mechanisms of action, establishing structure-activity relationships and modulating therapeutic properties, with a view to developing these peptides as therapeutic agents [5] [6] [7] [8] . The salt sensitivity of antimicrobial peptides is a major obstacle in their development as novel agents. As shown by Goldman et al. 9 , defensins, which are endogenous antimicrobial peptides in the epithelial surfaces of the lung, become inactive in the presence of high salt concentrations in bronchopulmonary fluids, leading to pulmonary infections in cystic fibrosis patients. Such salt sensitivity is additionally observed in various other antimicrobial peptides, including indolicidins, gramicidins, bactenecins, and magainins 10, 11 . Although a number of studies report on salt-resistant α-helical antimicrobial peptides 11, 12 , the factors that determine the salt sensitivity of these peptides remain to be elucidated. Furthermore, to our knowledge, no rationale has been proposed as yet for the systematic design of salt-resistant α-helical antimicrobial peptides peptides without using unnatural amino acids. The structural features of α-helical antimicrobial peptides have been studied in detail, including helicity, hydrophobic moment, hydrophobicity, net charge, charge distribution and amphipathicity 5, 8 . Interestingly, helix stability is not currently considered a significant parameter in the mechanism of action of these peptides. Since many antimicrobial peptides require an α-helical conformation upon interactions with cell membranes to exert activity, we hypothesize that helix stability plays an important role in the antimicrobial action of these
peptides.
An α-helix, by definition, is characterized by consecutive main-chain, i i+4
hydrogen bonds between each carbonyl oxygen and an amide hydrogen from the adjacent helical turn 13 . This pattern is discontinued at the helix termini, since no further turn of helix is present to provide the additional hydrogen bond partners. Helix-capping motifs, which have specific patterns of hydrogen bondings and hydrophobic interactions found at or near the ends of helices in both proteins and peptides 14 , provide the necessary intramolecular interactions to stabilize α-helices. In this study, we determine the changes in structure, antimicrobial activity and salt sensitivity of α-helical antimicrobial peptides following the introduction of capping motifs at the helix termini. 
Antimicrobial Activity Assay
The antimicrobial activity of each peptide was determined against nine selected microorganisms using the broth microdilution assay, as described by Steinberg et al 23 . The lowest concentration of peptide that completely inhibited growth was defined as the 'minimal inhibitory concentration' (MIC). MIC values were calculated as an average of independent experiments performed in triplicate. Where required, NaCl was added to each well of the 96-well plate to obtain the desired salt concentration.
Circular Dichroism
Circular dichroism (CD) spectra were obtained using a J-720 spectropolarimeter (Jasco, Tokyo). Each spectrum (190-250 nm) was an average of five scans using a quartz cell with a 1 mm path length at room temperature. The scanning speed was 100 nm/min at a step size of 0.1 nm, a 2 s response time, and 1.0 nm bandwidth. Spectra were measured either in the presence or absence of NaCl in 20 mM sodium dodecylsulfate (SDS). A blank spectrum of a sample containing all components except peptides was subtracted from individual spectra to account for the baseline. The α-helical content was estimated as described previously by Greenfield and Fasman 24 .
7 incubation, cells were washed with 10 mM NAPB and immobilized on a glass slide. Cells were treated briefly with 0.2% Triton X-100/NAPB. Biotin-labeled peptides were visualized using 20 µg/ml streptavidin-FITC (Boehringer Mannheim) and observed with a Carl Zeiss LSM 410 laser-scanning confocal microscope equipped with a 488 nm bandpass filter.
Membrane Permeabilization Assays
The outer membrane permeabilization activity of peptides was determined using the 1-N-phenylnapthylamine (NPN) uptake assay, as described by Falla et al 18 . Briefly, an overnight culture of E. coli was transferred to fresh LB medium and grown to A 600 of 0.5-0.6.
Cells were harvested, washed and resuspended in the same volume of buffer (5 mM HEPES, nm following the addition of peptide samples at MIC. Assays were additionally performed in the presence of 200 mM NaCl.
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GAS Infection Model
The in vivo antimicrobial activity of the peptides was evaluated by the air pouch GAS infection model 21 . Groups of 5 4-week-old male ICR mice were anesthesized by injection, chemically depilated of the hair in the backs, and then injected subcutaneously with
Results
Peptide Design
[RLLR] 5 , a peptide consisting of five repeats of RLLR 15 , was synthesized as a template peptide because it exhibited strong antimicrobial activity and α-helical structure.
To determine the effect of helix stabilization on antimicrobial activity under high salt conditions, analogs were synthesized in which the helix-capping motifs, APKAM (N) and LQKKGI (C) 14 , were introduced into either or both the N-and C-terminal ends of [RLLR] n (n=2~5) (data not shown). Analogs with comparable length, charge and activity as [RLLR] 5 were selected to study the effect of helix stabilization on antimicrobial activity (Table 1) . Insert [ Table 1 ] here
Antimicrobial Activity and Structural Stability
Under standard antimicrobial activity assay conditions, all the peptides designed with RLLR repeats had similar minimal inhibitory concentration (MIC) values against bacteria and fungi in the range of 0.5-4 µg/ml (Table 2) (Tables 2,3 ). In contrast to the above peptides, the salt-resistant helix-capping analog N-[RLLR] 2 -C displayed almost identical antimicrobial activity and less than 4% change in α-helical content at the salt concentrations examined. The MIC values of the above peptides were not determined at or above 300 mM NaCl, due to the slow growth rate of microorganisms at these salt concentrations. However, CD analyses revealed that
N-[RLLR]
2 -C maintained α-helical content up to 300 mM NaCl, followed by a rapid decrease (data not shown). In addition, the trend of peptides without helix-capping motifs being salt-sensitive and ones with the helix-capping motifs being salt-resistant was also observed with peptides having 3~5 repeats (RLLR) (data not shown).
Insert [ Table 2 ] and [ Table 3 ] here
Cellular Localization and Mechanism of Action
To determine the localization site of the analogs in E. coli, biotin-labeled peptides Insert [ Figure 1 ] here
Evaluation and Application of Helix-Capping Motifs
To assess the helix-stabilizing property of the capping motifs, APKAM and
LQKKGI, truncated analog TN-[RLLR]
2 -TC with deleted A1 and I19 residues were designed to destroy the inherent hydrogen bonds and hydrophobic interactions. As shown in (Fig. 1) . The outer and cytoplasmic membrane-permeabilizing activities of
TN-[RLLR]
2 -TC were drastically reduced by 85% and 90%, respectively, when 200 mM NaCl was added (Fig. 2) . Helix-capping motifs were introduced into magainin 2, a salt-sensitive antimicrobial peptide isolated from Xenopus laevis 11 , to test their applicability in designing salt-resistant antimicrobial peptides. The resulting peptide, N-Mag-C, displayed salt concentration-independent antimicrobial activity and 42~44% α-helical content at the salt concentrations tested. In contrast, magainin 2 was inactive against most of the microorganisms tested and lost 36% α-helical content upon the addition of 200 mM NaCl to the assay.
Insert [Figure 2] here
In vivo antimicrobial activity
In the air pouch model of group A streptococcus (GAS) infection 21 , inoculation of 4.5 x 10the survival rate of the mice after inoculation. S. pyogenes caused 60% and 100% mortality at 72 h and 96 h, respectively, in the control group of mice (Fig. 3 ). Mice treated with
[RLLR] 5 after the inoculation showed similar survival rates as the control group. In contrast, helix-capping motifs at both the N-and C-termini, displayed significantly stronger structural stability upon exposure to 200 mM NaCl and retained antimicrobial activity.
TN-[RLLR]
2 -TC was examined to confirm the structural features of the helix-capping motifs that confer salt resistance upon α-helical peptides. Deletion of A1 from the N-terminal motif and I19 from the C-terminal motif caused a dramatic 32-fold decrease in the antimicrobial activity of peptides in the presence of 200 mM NaCl. These results indicate that the helix-stabilizing property of these motifs is responsible for structural integrity of the peptides at high salt concentrations and salt-resistant antimicrobial activity.
The current exponential increase in the number of antibiotic-resistant microorganisms necessitates the development of new antimicrobial agents. Antimicrobial peptides have been extensively studied in recent years as promising candidates, but present several obstacles in their development as pharmaceutical compounds. One of these major problems is salt sensitivity 9 . Efficacy is greatly reduced in the presence of high salt, which hinders the development of antimicrobials as systemic agents. Friedrich et al. 12 and others 11 reported on salt-resistant α-helical antimicrobial peptides. To date, no clear rationale has been presented for the observed salt resistance in these peptides. Salt sensitivity may be attributed to the hindering of electrostatic interactions between positively charged peptides and negatively charged membranes. However, this alone does not explain why certain peptides are salt-resistant, while others with a similar net charge are not. Tam et al. 22 suggested that conformational rigidity increases antimicrobial activity under high salt concentrations. The group designed salt-resistant antimicrobial peptides by introducing rigid structural constraints into β-tile template peptides. Although there are numerous reports on the significance of structure, amphipathicity, positive charges and hydrophobicity for the activity and mechanism of action of antimicrobial peptides 5, 8 , the importance of structural stability of the α-helical peptides remains to be clarified.
The ability of a peptide to configure into a well-defined, amphipathic α-helix is strongly correlated to antimicrobial activity 5 . The formation of α-helical structures upon interaction with bacterial membranes and subsequent membrane permeabilization are believed to be one of the key steps in the mechanism of action of these α-helical antimicrobial peptides. We hypothesize that the decreased antimicrobial activity of peptides under high salt conditions is a result of limitation of this key step of the mechanism. It is possible that imperfect amphipathicity of peptides may cause salt-sensitivity. However, our study showed that, among the peptides with the RLLR repeats, only those with helix-capping motifs at the N-and C-termini show salt-resistance. Furthermore, the salt-resistant peptides reported in other studies 11,12 also do not have perfect amphipathic structures. Hence, although imperfect amphipathicity may contribute to the salt sensitivity, it is not the major factor. The results in Tables 2 and 3 clearly demonstrate that salt sensitivity of antimicrobial peptides is a result of the destruction of α-helical structure, and subsequent loss of membrane binding and permeabilizing activity. This observation may also explain why some peptides are reported to be salt-resistant while others with a similar sequence and net charge are salt-sensitive.
The applicability of the above helix-capping motifs in designing salt-resistant antimicrobial peptides was examined by introducing the motifs at both termini of magainin 2, a salt-sensitive peptide. The resulting peptide, N-Mag-C, maintained activity and structural stability at the salt concentrations tested. Thus, it is possible that, with consideration to, although not exclusively, net charge and amphipathicity, salt-resistant analogs can be derived from a salt-sensitive antimicrobial peptide by the application of helix-capping motifs. This study was performed to elucidate the mechanism underlying salt sensitivity in antimicrobial peptides and provide a rationale for the systematic design of salt-resistant peptides. The data collectively suggest that structural instability, in addition to the electrostatic interactions, is mainly responsible for salt sensitivity. Furthermore, the implementation of helix-capping motifs into salt-sensitive antimicrobial peptides resulted in analogs efficient in binding and permeabilizing microbial cell membranes at or above physiological salt concentrations. 
